SUMMARY
INTRODUCTION

CD8
+ T cell responses typically involve a heterogeneous pool of effector and memory cells that display various epitope specificities, multiple T cell receptor (TCR) affinities, and distinct functional potentials (Seder et al., 2008) . However, a detailed understanding of how and when T cell functional diversification is achieved is still lacking. The diversity of T cell fates observed in experiments involving the adoptive transfer of single T cells or cellular barcoding supports the idea that late events, presumably occurring after many cell divisions, contribute to T cell diversification (Gerlach et al., 2010; Stemberger et al., 2007) . Some of this diversity may be generated in the target peripheral tissue upon antigen re-encounter (Breart et al., 2008; Reinhardt et al., 2003) and/or exposure to inflammatory microenvironments (Joshi et al., 2007) . It is also possible that divergent T cell fates are specified during the early phases of T cell activation in secondary lymphoid organs (Bajé noff and Guerder, 2003) . Individual antigen-specific T cells may encounter variable numbers of dendritic cells (DCs), each displaying distinct stimulatory capacities. Over the last years, two-photon imaging studies have provided new insight into the complex regulation of T cell-DC interaction dynamics (Cahalan and Parker, 2008) . Comparing different immunizing conditions, several studies correlate the stability of T cell-DC contacts with the final outcome of T cell activation (Celli et al., 2007; Hugues et al., 2004; Scholer et al., 2008; Tadokoro et al., 2006; Tang et al., 2006) . In addition, T cell-DC interactions with identical contact dynamics may result in the delivery of qualitatively different activation signals, although this has been difficult to measure directly. Most importantly, it is unclear whether, in a given immunizing environment, distinct T cells will adopt different fates based on the sequence of DC interactions experienced. Addressing this question is challenging, because it requires the ability to assess the functional outcome of the intercellular contacts visualized. Finally, functional diversification could also occur in the lymph node during the initial cell division as the result of asymmetric cell division (Chang et al., 2007) or even later; T cells remain sequestered in lymph nodes for 4 days upon activation.
To gain insight into the generation of T cell functional diversity in the lymph node, we have combined two-photon imaging of T cell activation by DCs in lymph nodes with the use of a bicistronic fluorescent reporter to visualize the activation of the interferon (IFN)-g gene . We uncovered a large heterogeneity in the efficiency of gene activation during the formation of stable T cell-DC interactions, resulting in a large diversity of activation status as T cells start to divide. By using a new assay to monitor the early progeny of single T cells, we have provided evidence that early differences in the outcome of T cell-DC contacts were reflected by the generation of clonal progenies endowed with distinct cytokine potentials. Our results provide direct evidence that the early set of T cell-DC interactions in lymph nodes play a major role in initiating the diversification of T cell responses through the generation of functionally divergent clonal progenies.
RESULTS
Monitoring IFN-g Gene Activation during T Cell Activation
In order to visualize IFN-g gene activation during the course of CD8 + T cell-DC interactions, we relied on a bicistronic reporter mouse strain Ifng-YFP (termed ''Yeti'' mice) and the ovalbumin (OVA)-specific TCR transgenic mice OT-I. To ensure that expression of the reporter does not grossly impair T cell activation, we compared the response of CD44 lo CD8 + T cells purified from either OT-I Yeti mice or OT-I mice upon in vitro stimulation with DCs pulsed with various concentration of OVA peptide. We noted a moderate increase of IFN-g production in OT-I Yeti as compared to OT-I ( Figure 1A ) that possibly reflects an increased stability of IFN-g mRNA resulting from the polyadenylation signal used in this model (Matsuda et al., 2003) . For all other parameters analyzed, including blastogenesis, clonal expansion, expression of CD25 and CD44 activation markers, and tumor necrosis factor (TNF)-a production, OT-I Yeti CD8 + T cell responses were indistinguishable from those of OT-I CD8 + T cells ( Figure 1A ).
Next, we measured the YFP levels at 24 and 48 hr in stimulated OT-I Yeti CD8 + T cells and found that the frequency of YFPexpressing T cells together with the mean fluorescence intensity (MFI) of YFP-positive cells reflected the strength of T cell stimulation, with DCs loaded with high peptide concentrations inducing the highest YFP fluorescence ( Figure 1B ). These in vitro experiments suggested that the bicistronic IFN-g-YFP reporter system is a reliable tool to follow activation signals received by CD8 + T cells during activation by cognate DCs. Figure 2A ). DCs loaded with a high peptide concentration induced higher IFN-g production by T cells both in frequency and on a per cell basis ( Figure 2B ). Of note, YFP fluorescence perfectly matched the amount of intracellular IFN-g detected ex vivo ( Figure 2B ). Finally, although DCs pulsed with peptide concentrations of 1 3 10 À7 and 1 3 10 À9 M both induced CD44 expression on YFP-positive cells, only DCs pulsed with the highest peptide concentration resulted in expression of the high-affinity IL-2 receptor chain (CD25) on activated T cells together with the generation of a subset of T cells producing TNF-a and/or interleukin (IL)-2 ( Figure 2B ). When the effect of wide range of peptide concentrations was analyzed at a later time point (day 4), the same trend was observed ( Figure S1 available online). Increasing the peptide concentration on DCs enhanced the frequency of OT-I T cells recovered, the YFP fluorescence, and the frequency of CD25-expressing T cells and that of IFN-g producing T cells upon restimulation. In particular, DCs pulsed with a peptide concentration of 1 3 10 À9 M induced robust T cell clonal expansion but somewhat suboptimal numbers of IFN-g-producing effectors. Finally, peptide concentrations below 1 3 10 À10 M failed to generate IFN-g-producing CD8 + T cells ( Figure S1 ).
In sum, distinct amount of antigen presented by DCs resulted in different T cell activation programs that were distinguishable by the intensity of the YFP fluorescence both in vitro and in vivo.
Early Formation of Stable CD8 + T Cell-DC Interactions In Vivo Signal strength has been previously shown to dictate the time required for CD8 + T cells to establish long-lasting interactions with antigen-bearing DCs (Bousso and Robey, 2003; Henrickson et al., 2008; Skokos et al., 2007) . We therefore assessed whether the different activation programs triggered in vivo by DCs pulsed with peptide concentrations of 1 3 10 À7 M and 1 3 10 À9 M were reflected by different T cell-DC contact dynamics in the early phases of activation. To this end, two-photon imaging was performed on intact lymph nodes, only 3 hr after adoptive transfer of OT-I CD8 + T cells into recipients that had been immunized with peptide-pulsed DCs the previous day. As shown in Figures  3A-3C and Movie S1, T cells rapidly formed long-lasting interactions with DCs whether they were pulsed with 1 3 10 À7 M or 1 3 10 À9 M of peptide. In these early time points, most T cells remained engaged with DCs for the duration of the movie (>30 min), a behavior that was reflected by high arrest coefficients and very constrained trajectories ( Figures 3B-3D ). To ensure that T cell arrest on DCs was not due to a technical problem during imaging, we compared, in the same movie, T cell behavior in areas that did or did not contain DCs. As illustrated in Movie S2, we observed, in the same movie, stable T cell-DC contacts in DC-rich areas and actively crawling T cells in DC-poor areas, confirming the good quality of the imaging preparation. In addition, T cell arrest was not seen in the presence of unpulsed DCs (Movie S1), consistent with the idea that T cell-DC conjugates were antigen specific. Of note, stable T cell-DC conjugates were also predominant at 6 hr even with DCs pulsed with the lower peptide concentration (Movie S3), indicating that these contacts persisted over several hours. Altogether, these experiments indicate that the lower efficiency of T cell activation induced by DCs pulsed with the low peptide concentration could not be accounted for by the lack of stable T cell-DC contacts and suggest instead that signals delivered during long-lasting T cell-DC contacts were qualitatively different in the two conditions studied.
Distinct Efficiencies of Gene Activation during the Course of Stable T Cell-DC Contacts
To gain insight into the qualitative properties of T cell-DC interactions, we thought to combine two-photon imaging and the use of the IFN-g-YFP bicistronic reporter. First, we asked whether YFP reporter activity could readily be detected and quantified by twophoton microscopy. To this end, we labeled CD8 + T cells from OT-I Yeti mice with the SNARF dye (which displays minimal spectral overlap with YFP) and relied on the YFP/SNARF fluorescence ratio to monitor reporter activity in individual CD8 + T cells. lymph nodes ( Figure 4B ). To further validate these measurements, we recovered cells from the lymph node after imaging and analyzed them by flow cytometry. As shown in Figure 4C , Figure 4E ). Altogether, our results provide direct evidence for qualitative differences in signal delivery and integration during long-lasting contacts with DCs presenting different amounts of antigenic peptide.
Functional Diversification Is Initiated prior to the First T Cell Division
The diversity in YFP reporter activity observed during stable contacts with DCs raised the possibility that a substantial level of functional specification is provided during early T cell-DC contacts prior to the first cell T cell division. Heterogeneity in YFP reporter activity is evident by flow cytometry at 24 hr and 48 hr, but it is unclear whether this reflects a diversity in signals received by individual T cells or an asynchronous timing of activation. It was therefore important to assess diversity of YFP activity at a defined time point of the activation process such as the time of initial cell division. In our system, we found that T cells start dividing at 36-40 hr based on CFSE dilution experiments (data not shown), and therefore we imaged T cell mitosis events in intact lymph node at this time point. The level of SNARF fluorescence was used to confirm that these events indeed corresponded to the first cell division. As shown in Figures 5A and 5B and Movie S6, there was tremendous variability in YFP fluorescence at the time of initial cell division. In fact, the range of YFP expression at the time of first cell division was as high as the diversity in the total T cell population ( Figure 5C ). In addition, CD8 + T cells dividing at the very same time point and in the same movie could also express different amounts of YFP ( Figure 5D ; Movie S7). Thus, in the same lymph node, early signals received by distinct T cells may results in different IFN-g gene activation status while being equally efficient at initiating clonal expansion. It is expected that, upon division, both YFP and SNARF fluorescence will be equally distributed in the two daughter cells. YFP/SNARF ratios were indeed identical between paired daughter cells after division (Figures 5D and 5E ; Movies S6 and S7), confirming the reliability of our measurement of the reporter activity.
The diversity of IFN-g gene reporter activity in the early phases of T cell priming was also detected by flow cytometry and was minimally affected by the precursor frequency of responding T cells ( Figure S2 ). Finally, variability in IFN-g reporter activity in OT-I Yeti CD8 + T cells was also seen upon infection with OVA-expressing Listeria monocytogenes, with only a subset of the early activated T cells (undivided and CD69 + ) displaying YFP expression on day 3 postinfection (Figure S3 ).
In summary, based on the correlation between YFP expression and IFN-g production (Figure 2) , the large heterogeneity of YFP expression at the initiation of clonal expansion ( Figure 5 ) strongly suggests that early T cell-DC interactions initiate the functional diversification of CD8 + T cells prior to the first cell division.
Early T Cell-DC Interactions Program the Functional Potential of Individual T Cell Progenies
It remained to be determined whether the early differences in IFN-g reporter activity observed in these early stages were reflected by the generation of functionally distinct pools of effector CD8 + T cells. We therefore devised a new system to track the fate of the early progeny of individual T cells. In a first set of experiments, naive CD8 + T cells from OT-I Yeti mice were stimulated with peptide-pulsed DCs in vitro and cloned after 24 hr in 8 ml microwells (Figure 6 ). The presence of a single T cell per well was systematically confirmed by visual examination. After 3 days of culture, all the T cells derived from each individual clone were analyzed by flow cytometry. Although cell numbers were quite low at this stage (<200 cells) and corresponded to less than eight rounds of cell division, it was possible to assess the composition of individual microwells ( Figure 6A ) and therefore to analyze the IFN-g reporter activity in the early progeny of stimulated T cells while minimizing the in vitro culture. Interestingly, the YFP fluorescence was quite homogenous within an individual progeny but varied extensively for different progenies ( Figures 6A and 6B ). Statistical analysis shown in Figure 6C confirmed that the vast majority of individual progenies had a more narrow distribution than the pooled population of cells (p < 0.0001). To assess whether the early expression of YFP (prior to division) predicted the reporter activity of the clonal progeny, we modified these experiments to clone YFP hi and YFP lo CD8 + T cells sorted after 24 hr of activation by DCs. As shown in Figures 6D and 6E , the YFP fluorescence exhibited at 24 hr predicted the reporter activity within the early T cell progeny on day 4. To establish the link between the YFP fluorescence displayed by individual T cell clones and their functional potential, we pooled >100 progenies grown after cloning and assayed the production of IFN-g, TNF-a, and IL-2 by intracellular cytokine staining (because of the limited cell number, it was not possible to perform intracellular cytokine staining on individual T cell progenies). We found a near perfect association between high YFP fluorescence and the ability to produce multiple cytokines upon restimulation ( Figure 6F ). Double or triple cytokine producers represented 94% of YFP hi but only 16% of YFP lo CD8 + T cells. Of note, YFP levels showed little variation during the restimulation (data not shown). Altogether, these experiments indicated that the amounts of reporter activity measured on an individual CD8 + T cell at 24 hr predicted the functional potential of its progeny. To test the relevance of our findings in vivo, we adoptively transferred naive OT-I Yeti CD8 + T cells into congenic CD45.1 recipient mice that were further immunized with peptide-pulsed DCs in the footpad. After 36-40 hr, CD45.2 T cells were purified from the draining lymph node and cloned and subjected to short-term progeny analysis. Again, YFP levels were relatively homogenous within each progeny but distinct between different progenies (Figure 7) . To ensure that none of the T cells had divided in vivo prior to the cloning step, we repeated this experiment by adoptively transferring SNARF-labeled naive OT-I Yeti CD8 + T cells. At 36 hr, undivided T cells were sorted on the basis of their SNARF content. As shown in Figure S4 , very distinct T cell progenies were also observed in these conditions. Together, these results strongly suggest that the multifunctional CD8 + T cell potential can be programmed very early on during T cell responses in vivo. Moreover, these results further confirm the role of interclonal differences in generating a functionally heterogeneous pool of effector CD8 + T cells.
DISCUSSION
Most CD8 + T cell responses generate a heterogeneous pool of effector cells. In the present report, we have visualized the activation of the IFN-g locus in CD8
+ T cells primed by dendritic cells in intact lymph nodes. Our results demonstrate that extensive variability in the functional outcome of stable T cell-DC interactions contributes to T cell functional diversification prior to clonal expansion and the generation of individual T cell progenies with divergent functional capacities. Previous studies have employed two-photon imaging to analyze T cell-DC contact dynamics in live lymph nodes. These experiments used fluorescently labeled T cells and DCs to monitor cellular motility together with frequency and duration of intercellular contacts. Although these studies have provided us with a deeper understanding of T cell activation by DCs in vivo, they could not directly assess the outcome of individual interactions studied. To achieve this goal, we used a bicistronic IFN-g-YFP reporter mice in which YFP levels were found to reflect activation of the IFN-g gene (Mayer et al., 2005; Stetson et al., 2003) and the intensity of the TCR stimulation. Combining the fluorescent reporter with a vital dye labeling of T cells provided us with a ratiometric measurement of gene activation and made it possible to assign functional information to T cells undergoing interactions with DCs.
The present work together with previous studies strongly suggest that signal strength and in particular peptide-major histocompatibility complexes (pMHC) density on DCs acts on multiple levels during T cell priming by DCs. First, peptide density dictates whether T cells arrest on DCs upon antigen recognition and establish a long-lasting interaction or maintain motility and form a transient contact (Bousso and Robey, 2003; Henrickson et al., 2008) . Second, pMHC density may also influence the duration of prolonged T cell-DC contacts that potentially range from 1 to 24 hr. In vivo injection of an anti-MHC class II mAb induces the dissociation of already established T cell-DC contacts, suggesting that these interactions end when pMHC is no longer available on DCs (Celli et al., 2007) . Thus, high pMHC density may be important not only for T cell stop but also for sustaining the contact for many hours. The present study reports a third role for signal strength by highlighting its influence on the timing of gene activation once stable T cell-DC contacts are formed. In our system, high but not low pMHC density resulted in IFN-g gene activation during stable T cell-DC interactions at 24 hr and prior to blastogenesis.
What accounts for the extensive variability in IFN-g gene activation during T cell priming in lymph nodes that was observed in a defined set of experimental stimulatory conditions (i.e., peptide-pulsed DCs)? Previous work has shown that the timing of entry in the lymph node can impact T cell differentiation (Catron et al., 2006; D'Souza and Hedrick, 2006; van Faassen et al., 2005) . In our settings, the diversity observed is unlikely to be primarily due to asynchronous T cell activation. In fact, we observed that most T cells form stable contacts with DCs very rapidly. In addition, differences in reporter activity could be observed for T cells that initiate their first cell division at the very same time. Rather, our results are consistent with the idea that T cell diversification is initiated by qualitatively distinct DC contacts possibly resulting from encounters with DCs with different stimulatory potentials. Although we had previously demonstrated, in our model, that all antigen-bearing DCs have an activated phenotype with high expression of costimulatory molecules (Bousso and Robey, 2003) , other phenotypic differences in the DC population could potentially contribute to diversifying T cell fate. Moreover, the density of pMHC displayed by distinct DCs is unlikely to be completely homogeneous even in conditions in which DCs are pulsed with a given peptide concentration. Given our finding that the level of pMHC influences the efficiency of IFN-g gene activation during stable T cell-DC contacts, it is likely that variation in antigen density at the DC surface should also favor diversification.
To gain insight into the functional consequences of early T cell-DC interactions, we have introduced a sensitive assay to track the fate of single activated T cells. Although T cell cloning has been extensively used previously, it has typically required several weeks of culture and multiple rounds of restimulation that are likely to introduce important biases in T cell differentiation programs. To minimize these problems, our progeny analysis did not require restimulation and was limited to 4 days of clonal expansion in vitro, a duration matching the timing at which effector T cells egress from the lymph node after priming. Functional information regarding T cell progenies could be obtained based on the link between YFP intensity and T cell cytokine potential and thanks to the sensitivity of flow cytometry. With this system, we found that differences in YFP reporter activity prior to clonal expansion paralleled the generation of progenies endowed with distinct functional capabilities.
Multifunctional T cells have been defined as cells capable of producing simultaneously several cytokines and chemokines and have been associated with better responses to infections and tumors (Seder et al., 2008) . Our results suggest that the multifunctional potential of CD8 + effector T cells can be programmed by initial T cell-DC contacts.
Our results do not exclude that further diversification of T cell progeny occur at later time points (Gerlach et al., 2010; Stemberger et al., 2007) or as a result of asymmetric cell division (Chang et al., 2007) , because these two events may not be fully recapitulated in our short-term T cell progeny assay. For example, a fraction of the progeny of a T cell that has initially failed to activate the IFN-g gene may later become IFN-g producer upon subsequent antigen encounter in vivo. But at any rate, the present study suggests that interclonal diversification is an initial and major determinant of effector T cell heterogeneity.
In summary, our work provides evidence that even for T cells bearing the same TCR, variability in the delivery of activation signals during early T cell-DC interactions generates extensive functional heterogeneity in T cells prior to cell division. In addition, our results suggest that these early differences influence the early progeny of individual T cells and hence contribute to generation of a diverse pool of effector CD8 + T cells. It is likely that this diversity is even higher during an immune response involving T cells with multiple specificities and distinct TCR affinities. The systems we have established to visualize the functional outcome of T cell-DC interactions and track the composition of individual clonal progenies should help further dissect how T cell fates are specified in vivo.
EXPERIMENTAL PROCEDURES
Mice C57BL/6 mice were purchased from Charles River Laboratories. CD45.1 C57BL/6 mice and transgenic mice expressing YFP under the CD11c promoter were bred in our animal facility. The knock-in bicistronic IFN-g-YFP reporter mice (referred to as Yeti mice) were a kind gift from R. Locksley and were crossed to the OT-I TCR transgenic mice. All mice were housed in our animal facility under specific pathogen-free conditions. Animal experiments were performed in accordance to institutional guidelines for animal care and use.
Cell Purification and Adoptive Transfer CD44 lo CD8 + T cells were purified from lymph nodes and spleens of OT-I Yeti +/À or Rag1 À/À OT-I Yeti +/À mice by negative selection via CD8 + T cell isolation kit (Miltenyi Biotec) in which was added a biotin-conjugated anti-mouse CD44 (eBioscience). When indicated, CD8 + T cells were labeled with 5 mM SNARF (Invitrogen) for 10 min at 37 C. Dendritic cells were isolated by positive selection with CD11c + microbeads (Miltenyi Biotec) from spleens of either wild-type C57BL/6 mice or CD11c-YFP transgenic mice. Purified DCs were pulsed with the indicated concentration of OVA 257-264 peptide (Polypeptide Group) for 10 min at room temperature and then washed extensively. DCs (2 3 10 6 cells) were injected in the footpad of naive recipient C57BL/6 mice.
For adoptive transfers, 5 3 10 6 T cells were injected intravenously.
Flow Cytometry
Lymph nodes were incubated for 15 min at 37 C in RPMI 1640 containing 1 mg/mL collagenase D and 0.05 mg/ml DNase I (Sigma-Aldrich). Cells were stained with an APC-Alexa750 conjugated anti-CD45.2, PE-Cy7-conjugated anti-CD8, PE-conjugated anti-CD25, and APC-conjugated anti-CD44 (eBioscience). and processed with the Cytofix and Cytoperm kit (BD Biosciences) and PEconjugated anti-IL-2, Pacific Blue-conjugated anti-TNF-a, and an Alexa-647-conjugated anti-IFN-g (BD Biosciences). Cells were analyzed with a FACS Canto II (BD Biosciences). Data were analyzed with the FlowJo software V8 (Tree Star). Intracellular cytokine staining of pooled CD8 + T cell clonal progenies was performed after restimulation for 5 hr with 50 ng/mL phorbol myristate acetate (PMA) and 500 ng/mL of ionomycin in the presence of 1 mg/mL of brefeldin A.
Two-Photon Imaging Two-photon imaging was performed with a DM 6000B upright microscope equipped with a SP5 confocal head (Leica Microsystems, Wetzlar, Germany). Intact popliteal lymph nodes were maintained at 37 C and perfused with media bubbled with a 95% O 2 5% CO 2 gas mixture. Excitation was provided by a Chameleon Ultra Ti:Sapphire laser (Coherent, Santa Clara, CA) tuned at 940 nm. Emitted fluorescence was first split with a 525 nm dichroic mirror. YFP signals were collected with an additional 510 dichroic mirror whereas SNARF signals were collected with a 560 nm dichroic mirror and a 600/100 bandpass filter. With these settings, YFP and SNARF signals overlap was virtually inexistent. Images corresponding to 10 and 15 z-planes spaced 3 mm apart were collected every 30 s for a total duration of 15-60 min. Within an individual 30-45 mm z-stack, the YFP/SNARF ratio was minimally affected by the T cell depth.
Movie Analysis 3D cell tracking was performed with the Imaris software (Bitplane). The arrest coefficient corresponds to the percentage of time during which instantaneous cell velocity was below 4 mm/min. Contact durations were calculated by examining juxtaposition of T cell and DC fluorescent signals in individual z-planes. The RGB measure plugin of the ImageJ software was used to determine YFP/SNARF ratio in individual T cells. The range of YFP/SNARF values could slightly vary depending on the experiments (and on efficacy of SNARF labeling) but was consistent in different samples of the same experiment. Movies were examined for the occurrence of T cell division. YFP/SNARF ratios were then calculated prior to division and in the paired daughters cells. The vast majority of these events corresponded to the first T cell division as measured by the total SNARF content in T cells.
Early T Cell Progeny Analysis
Clonal T cell progeny analysis was performed as follows. To analyze the fate of in vitro activated T cells, 2 3 10 6 naive CD8 + T cells were incubated for 24 hr at 37 C with 2 3 10 6 OVA-pulsed dendritic cells in 24-well culture plates. At 24 hr, T cells were cloned in 60-well minitray culture plates at 0.5 cells/well in 8 ml containing 25 U/mL of human recombinant IL-2. Plates were visually examined under the microscope and only wells containing a single T cell were analyzed. At day 4, progenies containing more than 30 cells were analyzed by flow cytometry. The average recovery, i.e., the number of events detected by flow cytometry compared to the manual cell count, was approximately 50%. As a control for possible cell contamination in the flow cytometer, PBS-only samples were systematically included in the experiments and revealed no detectable event. To analyze the fate of in vivo stimulated T cells, CD45.1 C57BL/6 mice were adoptively transferred with 5 3 10 6 naive CD8 + T cells from OT-I Yeti mice (CD45.2) before injection in the footpad of 2 3 10 6 dendritic cells loaded with 1 3 10 À7 M OVA peptide. After 40 hr (a timing just preceding the first T cell division in vivo), popliteal lymph nodes were harvested and activated OT-I Yeti CD8 + T cells were sorted by flow cytometry on a FACSAria (BD Biosciences) via Pacific Blue-conjugated anti-CD8, APC-conjugated anti-CD69, and APC-Alexa750-conjugated anti-CD45.2 mAbs (BD Biosciences). T cells were then subjected to early T cell progeny analysis.
Statistical Analysis
For statistical analysis of clonal variability, standard deviations in the YFP fluorescence intensity of T cells were calculated for individual clones and for the pooled population of T cell progenies. The percentage of intraclonal variation was determined for each clone (standard deviation of clone/total standard deviation of the experiment 3 100). Statistical significance was assessed by comparing these values with a 100% target value (no similarities between cells deriving from the same clone) in a single group Wilcoxon test (Kaleida Graph, v4.0) . p values lower than 0.05 were considered significant.
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